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The upgrade of the LHCb experiment, planned for 2018, will transform the entire readout to a triggerless
system being read out at 40 MHz. The upgraded silicon vertex detector (VELO) must be light weight,
radiation hard, and compatible with LHC vacuum requirements. It must be capable of fast pattern
recognition, fast track reconstruction and high precision vertexing. This challenge is being met with a
new VELO design based on hybrid pixel detectors positioned to within 5 mm of the LHC colliding beams.
The detector will be shielded from the beam by a  300 μm thick aluminium foil. Evaporative CO2
coolant circulating in micro-channels embedded in a thin silicon substrate will be used for cooling.
& 2015 CERN for the beneﬁt of the Authors. Published by Elsevier B.V. This is an open access article under
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
The LHCb detector [1] is a single-arm forward spectrometer
covering the pseudorapidity range 2oηo5, designed for the
study of particles containing b or c quarks. The silicon vertex
locator (VELO) provides identiﬁcation of displaced vertices of
b- and c-hadron decays and is an integral part of the tracking of
the LHCb experiment. The reconstruction of tracks and vertices is
performed as part of the software trigger. The information about
tracks displaced with respect to primary vertices forms the basis of
almost all trigger decisions [2].
For data taking after 2018 the LHC accelerator will operate at a
total centre-of-mass of 14 TeV and a bunch spacing of 25 ns. As a
result the amount of beauty and charm decays generated at LHCb
will essentially double compared to current data taking conditions.
In addition the instantaneous luminosity at the LHCb experiment
is already lower thanwhat can be delivered by the LHC accelerator.
The current LHCb detector is limited by design to a readout rate of
1 MHz, which limits the physics yields for hadronic channels.
Without upgrading the readout it is impossible to take advantage
of the increased number of beauty and charm decays. The plans for
an upgraded detector are detailed in a Letter of Intent [3] and
Framework TDR [4].
In order to match the upgraded LHCb readout system which is
based around a trigger-free readout at the bunch-crossing rate of
40 MHz all silicon modules and readout electronics of the VELO
need to be replaced. Decays of beauty and charm hadrons produce
low transverse momentum tracks. Accurate and fast reconstruc-
tion and vertexing of these tracks require a light weight and high
precision detector. Furthermore the instantaneous luminosity
is expected to increase to 201032 cm2 s1 from the current
41032 cm2 s1 leading to an increase in occupancies and
data rates. The aim of the VELO upgrade is to provide such a high
resolution, high rate and light weight silicon pixel tracking
detector (Fig. 1).
The basic layout of the VELO will be maintained. The upgraded
VELO will consist of two halves which can be retracted during
injection. Each half will have 26 modules, with a module contain-
ing twelve 1414 mm2 ASICs each consisting of 256256 square
pixels with a pitch of 55 μm2. One sensor unit will cover an area of
 14 45 mm2 and will be read out by three ASICs placed next to
each other. Two sensor units will be placed on each side of the
substrate to simplify the readout paths, with the four sensor units
arranged in an L-shape as shown in Fig. 3. The innermost edge of
the silicon will be at a radius of about 5 mm, compared to 8.2 mm
for the current detector.
The substrate supporting the sensors will be made of two
wafers of silicon directly bonded to each other and will provide
cooling as well as mechanical support. This approach [5] has the
following advantages: efﬁcient heat transfer, no mismatch of the
coefﬁcient of thermal expansion with the ASICs and a low material
budget. The cooling system will be based on the existing bi-phase
CO2 cooling infrastructure. A side on view of the substrate, micro-
channels and ASICs is shown in Fig. 2. The CO2 will be delivered to
directly underneath the heat sources by micro-channels etched
into one side of a silicon plane, after which the second layer of
silicon is bonded on top of the ﬁrst plane. To further reduce the
material budget the inner edge of the substrate will be retracted
from the beam. Ensuring mechanical stability while operating the
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micro-channel system at high pressure poses the main challenge.
During normal operation pressures reach between 20 and 30 bar.
During a failure the pressure will reach up to 65 bar. The ﬁrst
prototype tests have shown that samples based on hydrophobic
bonding of the two layers of the substrate can withstand a
pressure of at least 700 bar. Prior to any tests it was decided that
the pressure beyond which the system is considered safe is
150 bar. The ﬁrst long-term pressure and temperature cycling
tests gave encouraging results.
The two halves of the VELO are separated from the beam
vacuum by the RF shield. All particles must traverse this material
before reaching a tracking station. Therefore the RF shield has to
be carefully designed to minimise the amount of material intro-
duced, while maintaining its shielding properties and being able to
withstand a pressure difference of 10 mbar. The side facing the
beam is a corrugated aluminium foil. The shape of the corruga-
tions has been chosen so that tracks cross the RF shield at close to
a right angle. The RF shield will be manufactured by milling it out
of a solid block of aluminium. The ﬁnal thickness of the foil will be
about 300 μm, with ideas to reduce this further being investigated.
Averaged over the LHCb acceptance 2oηo5 the material
budget of the whole upgrade VELO is  21:3% X0, comparable
to the material budget of hte current VELO. Averaged over the
area jxjo33 mm, jyjo33 mm (excluding the inner acceptance
“hole”), the material budget of a single module is  0:94% X0
(for perpendicularly incident tracks).
Due to the layout of the stations the data rates will vary by
approximately one order of magnitude from the busiest to the
quietest readout chip. The readout will be performed along a
column, with columns orientated facing away from the beam. This
will equalise the data ﬂow as much as possible across columns in
one chip. The hit rates per ASIC are shown in Fig. 3. The busiest
chip will have an average of 8.5 particles passing through it per
event, corresponding to about 6108 pixel hits per second. The
so-called VeloPix readout chip is based on the Timepix3 chip [6]. A
chip will have up to four 5 Gbit/s links allowing for a total data rate
of up to 20 Gbit/s.
After leaving the vacuum tank the signal will be converted to
an optical signal and transmitted to data acquisition boards. The
pixel readout will be data driven which leads to an asynchronous
arrival of individual hits of an event at the DAQ boards. Large
buffers will be available on the FPGA based boards to perform the
time ordering of hits before being passed to the trigger system.
The LHCb upgrade trigger will be fully implemented in software to
allow maximum ﬂexibility and sophistication to fully exploit the
full detector readout at 40 MHz.
The sensors have to withstand a ﬂuence of 8 1015 neq cm2
at the point of closest approach to the beam. Due to the orienta-
tion of the sensor the dose received at the point furthest from the
beam on the same sensor is  140 th of the dose received at the
point closest to the beam. This poses a major challenge for the
design of the guard-rings as they have to prevent breakdown at
the point furthest from the beam at the high voltage ( 1000 V)
that has to be applied to fully deplete the sensor at the tip. The
competing interests of reducing the extrapolation distance to the
beam and large guard-rings to prevent breakdown have to be
balanced. The ﬁnal design, including asymmetric guard-rings is
still under discussion.
The LHCb VELO has provided reliable high-precision vertex
reconstruction during Run I of the LHC. The VELO upgrade will be
Fig. 1. View of a single upgrade VELO module. The cooling substrate is shown in
blue, the two sensors mounted on the near side of the substrate are shown in red,
while the two sensors mounted on the far side are not visible. The yellow squares
represent the ASICs. The module is mounted perpendicular to the beam axis (into
the page). (For interpretation of the references to color in this ﬁgure caption, the
reader is referred to the web version of this article.)
Fig. 2. Side view of cooling substrate, ASICs, and sensors. Micro-channels are
routed underneath the ASICs to provide cooling directly at the heat source. The
large surface area of the micro-channels maximises the heat transfer from CO2 to
the silicon.
Fig. 3. The average number of tracks per ASIC per event for one module is shown.
Closest to the beam a single ASIC has to cope with over 8 tracks per event, furthest
from the beam less than one track per ASIC is expected. At the bunch crossing
frequency of 40 MHz the busiest ASIC will produce up to 20 Gbit/s.
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based on a pixel detector read out with the VeloPix chip at a rate
of 40 MHz. The ﬁrst tests of evaporative CO2 cooling delivered
via micro-channels have been very successful. New methods for
producing the RF shield show promising results with techniques
for further reducing the thickness under study. The technical
design report for the VELO upgrade was published at the end of
2013 [7] and contains detailed performance studies of the
upgraded VELO.
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